After addition of L-arabinose to growing Escherichia coli, the L-ribulokinase (EC 2.7.1.16) and L-arabinose isomerase (EC 5.3.1.4) first appear at about 0.7 and 1.4 min, respectively. These times are consistent with the distances of the genes from the ribonucleic acid polymerase initiation site in the operon The interval after addition of inducer to a culture of cells and the first appearance of induced enzyme reflects the following processes: entry of inducer into the cell, modification of inducer if necessary, inducer interaction with regulatory macromolecules, initiation of transcription, transcription of the gene, translation of the messenger, folding of the polypeptide, association of subunits, and further conformational changes before acquisition of enzymatic activity. Several of these processes are known to occur concurrently during induction of the lac operon of Escherichia coli. During transcription ribosomes begin translation, and the emerging polypeptide is free to begin folding (2, 6). Our present knowledge allows a rather accurate prediction of the times required for transcription and translation; thus, by comparison of this minimal interval to the interval actually found before newly induced enzyme appears, maximal upper limits may be placed on the times required for the other processes. In the lac operon, essentially all of the interval between inducer addition and the appearance of new enzymatic activity is occupied by the transcription-translation process (2). Similarly, in the work presented here on the induction kinetics of the arabinose operon, it is found that, although the L-ribulokinase and L-arabinose isomerases are 
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MATERIALS AND METHODS
Growth medium and strain. MnCl2 was added to minimal medium M9 (8) to give a concentration of 5 x 10-5 M; this contained 0.2% glycerol, 0.01% L-leucine, 0.01% L-threonine, and 0.001% thiamine and was used throughout the investigation. Cells had a doubling time of 90 min and were always used at a concentration of 2.5 x 108 cells per ml. The cells were strain JTL76, K-12 F-thr leu thi ara+ lac+ derived from Pasteur strain RV Alac74. The arabinose genes of this strain were derived from strain RFS73, and the lactose genes were derived from strain RFS1 (8) .
Assay of arabinose isomerase. Typically, 3 ml of culture were added to a (13 by 100 mm) tube containing 1 ml of M9 medium containing 400 ,ug of chloramphenicol per ml and incubated at 37 C for 10 min. After this incubation to allow complete folding of the newly synthesized polypeptides, 48 tubes were centrifuged at one time at 3,500 rpm for 15 Preparation of the L-arabinose isomerase. Strain RFS696 deleted of chromosomal arabinose genes, but lysogenic for Xhy8O daraB-phage (10), was grown in 600 ml of YT (8) England Nuclear) was diluted to 1 ml with 0.01 M Tris buffer, pH 7.6, and passed over a 1-ml DEAE column. Chloramphenicol and streptomycin were added to yield 100 jAg of each per ml. The chromatography removed approximately 0.2% of nonarabinose radioactivity which otherwise remained at the origin of the DEAE paper in the kinase assay.
,B-Galactosidase assay. Samples of cells, 0.2 ml, were added to 0.3 ml of M9 medium containing 500 jg of chloramphenicol per ml in tubes in a 37 C water bath. After 10 min, 0.5 ml of 0.2 M sodium phosphate buffer (pH 7.0), 0.002 M MgSO4, and 0.2 M fB-mercaptoethanol was added, and the samples were mixed vigorously after addition of 5 jliters of toluene and put in a 28 C bath. A volume of 0.2 ml of 0.1 M sodium phosphate buffer (pH 7.0), 0.001 M MgSO4, 0.1 M ,-mercaptoethanol, and 4 mg of orthonitrophenolgalactoside per ml was added, and the tubes were incubated until yellow color developed. A volume of 0.5 ml of 1 M Na,CO, was added, and the absorbance at 420 nm was measured.
Measurement of peptide elongation rate. A volume of 120 ,uliters [3H]proline (0.5 mCi per ml, 2 Ci per mmol) was added to 120 ml of cells. At the times indicated, 5-ml samples were pipetted into 5 ml of 10%o trichloroacetic acid, 0.02 M sodium azide, and 200 ug of chloramphenicol per ml at 0 C. A volume of 1 ml was filtered, rinsed, and counted, and the remaining 9 ml was centrifuged, suspended in 0.15 ml of 0.01 M sodium phosphate buffer (pH 7.2), 0.14 M f,-mercaptoethanol, 0.5% sodium dodecyl sulfate (SDS), and heated to 65 C for 10 min. After dialysis overnight against the same buffer, the sample was heated again to 65 C for 10 min. Bromophenol blue was added to 0.002%, and glycerin was added to 10%. The sample was then subjected to electrophoresis on 10% acrylamide, 3.3% ethylene diacrylate gels in 0.1 M sodium phosphate buffer (pH 7.2), and 0.2% SDS. After electrophoresis the gels were removed from their tubes, frozen, and sliced into 1-mm slices. Each slice was incubated at 55 C in 0.4 ml of 0.1% SDS for 4 h, and the radioactivity was measured in a scintillation counter after addition of 2.5 ml of aquasol (New England Nuclear). Molecular weights were calibrated with ribonucleic acid (RNA) polymerase; ,j' = 160,000; , = 150,000; or = 94,000; a = 40,000; bovine serum albumin = 68,000; lysozyme = 13,900; carboxypeptidase A = 34,600; rabbit serum = 23,500 and 50,000; ovalbumin = 45,000; and chymotrypsin = 25,000. ance of the active 1,100 amino acid ,3-galactosidase.
The first detectable increase in ,8-galactosidase occurs at 1.4 min (Fig. 1) (Fig. 2) shows that ,B-galactosidase activity first appears slightly before 1.2 min.
Induction kinetics of the arabinose operon. Figure 3 shows the arabinose operon, two of whose products were assayed in these experiments. The operator proximal ribulokinase is dimeric with two identical 50,000-dalton subunits (5) , and the arabinose isomerase is hexameric with six identical 60,000-dalton subunits (7).. Figures 4 and 5 show the induction kinetics of these two enzymes after addition of arabinose to the medium. On the basis of the transcription-translation times discussed above, induced kinase subunits should begin appearing between 0.39 and 0.50 min, and isomerase sub- Thus, our predicted induction kinetics of the arabinose enzymes closely agrees with those measured experimentally. In these experiments an uncertainty of no more than 0.30 min exists in the induction kinetics. Therefore, any additional times associated with control of the positively controlled arabinose operon in contrast to the negatively controlled lactose operon are less than 0.30 min.
The time required for arabinose to diffuse into the cells and to induce the arabinose operon significantly was undetectably small, less than 0.10 min. Varying the arabinose concentration over an eightfold range did not detectably alter the time required for new isomerase enzyme synthesis. Since the rate of diffusion into cells is proportional to the concentration difference across the membrane, doubling inducer concentration would halve the interval after inducer addition to the culture before the intracellular concentration was capable of significantly inducing the operon. As no variation of induction time was seen, the interval required for diffusion into the cells must be less than the 0.1-min reproducibility seen in these experiments. Similar experiments for the lac operon have shown that IPTG diffusion into cells is also rapid (2).
Peptide elongation rate. As a further check that the peptide elongation rate was normal in the cells used, the rate was measured directly by the method of Bremer and Yuan (1) . The method was devised to measure the elongation rate of growing RNA chains and requires separation of chains according to size. Gausing (3) first applied this method to measurement of polypeptide elongation rates, utilizing the polypeptide size separation obtained on SDS polyacrylamide gels.
The basis of the method is as follows. Radioactive amino acid is added to cells in balanced growth. The number of polypeptide chains completed in the presence of label is proportional to time (t) and, for intervals shorter than the time required to synthesize completely a particular mass of polypeptide chain, the average length of labeled portion of each chain is also proportional to time. Thus, the increase of radioactive label in these completed chains is proportional to t2. As total incorporation into all polypeptide chains is proportional to t, the fraction of label in any size of peptide increases proportional to t until label has been present for a time equal to the time required to synthesize that size of polypeptide. Thereafter, the fraction of radioactivity in that size completed peptide remains constant.
In practice, radioactive amino acid is added to the growing culture, and at various times thereafter samples are taken into buffer, stopping further protein synthesis. The polypeptides of each of these samples are separated according to size on SDS polyacrylamide gels, and the radioactivity in each size class is determined. Dividing the radioactivity in each size class by the total radioactivity on the gel yields the fraction of radioactivity in each size class. Figure 6 shows the kinetics of incorporation of radioactive proline into protein, and Fig. 7 shows the resultant pattern of radioactivity found in gels of samples taken 0.1, 0.35, and 1.18 min after addition of radioactive proline. Figure 8 shows plots of the fraction of radioactivity in molecular weight classes 18,000 to 26,000, 26,500 to 35,500, and 35,500 to 47,500 as a function of time. These appear to show transitions from linear increase in fraction of radioactivity at 0.22, 0.31, and 0.43 min, respectively. After addition of radioactive amino acid, the nonradioactive intracellular amino acid is removed by dilution, displacing the ultimate incorporation of radioactive amino acid by the time required for utilization of an amount of amino acid equal to the amount in the pool. (Calculation shows the radioactive incorporation to be FBt + BP(e-tF/P -1) where P is the pool size in mass units, F is the flow rate through the pool in mass units per unit time, and B is the specific activity of added amino acid.) Figure 8 shows the effective delay in this experiment is 0.05 min. In other experiments In the strain used in these experiments we find that ,B-galactosidase is inducible 1,000-fold above its basal level, whereas the arabinose enzymes are inducible only 300-fold above their basal levels. This lowered rate of induced enzyme synthesis increases the time required for a detectable amount of induced enzyme to accumulate. Hence, we conclude that the induction kinetics of the arabinose enzymes are consistent with the ,8-galactosidase induction kinetics and reflect a rate of no less than 14 amino acids per s.
The times required for enzymes to appear after induction allow lower limits to be set on elongation rates, but they do not directly determine upper limits. For example, elongation rates could be much higher than estimated and an appreciable time be required to initiate synthesis of the messengers. Therefore, a direct measurement was made on the average elongation rate of polypeptides in these cells. This used the method of Bremer and Yuan (1) devised to measure RNA elongation rates and which was applied by Gausing to measure protein elongation rates (3). In our cells, normal E. coli K-12 growing on minimal glycerol medium at 37 C, we found rates of 10 to 13 amino acids per s. This is below the lower limit on the rate of 14 amino acids per s determined from the induction kinetics. We do not understand the reason for the differences, but we believe that together our data show that the elongation rate in our cells was 14 ± 2 amino acids per s. This means almost all of the lag after inducer addition and the appearance of new enzyme is time required for transcription and translation. No more than 0.2 min can be required for initiation of messenger of the lac or ara operons.
